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PLADiATiON RESLAftcI4H 394-409 (1984)

Effect of Ionizing Radiation on Physiological Function
in the Anesthetized Rat

WILLIAM A. ALTER 1J1. GEORGE N. CATRAVAS,1
ROBERT N. HAWINS~t AND C. RAYMOND LAKE"

*Vntfovmied Sovietes UIniversity of the Mealth Sciences, School of Aieine.
4301 Jontes Bndgje Road. Bethesda. 31arvland 2081)4

tMmid Forces Radiobiology Restwrh loiuwe. BaetA&sap. aynd 20814

ALTER W. A.. IIIL CATitAvAS G. N.. HAWKJNS, It. NK. AND LAKE. C. Rt. Efiect of Ionizing
RPiauson on Phiysiolgial Function in the Anesthetized RhL RIO. Res. W9 394-409 (1994

Exposure of pentobabital-anesihetazed tats to 14.5.MeV eectrn reu in idation-induced
physiologcal dystunction. Responses include titsient hypotension. a trnsient docraue in heatS
rate. respatsory dysrhythmums and a prolongcd increas in puls pnwuxt. Manitude: of these
msponm are dose tetated. and maximal resonse can be eliitd by eithe whole- or pwtial.
body (head or abdominal) exposure to 10.000 tad. These respnses wene associated with a fivefold
increase in uutria plasm concenituon of epinephinae. wheras histamine, norepinepluin.
and d4ndacphin did not chanp during the hjs minute aftr the onse ofeiposur. Admaiitraton
offdihenhydminine. a husamine rcepto anialontst tesulted in a siificiat decline of baseine
cardiovaiscula function and inhibited radistion-indticed cardiovascular dysfunction. The di.
phenhyduamineinduced decrease in piveposure blood pressur was revered by angiotetin
inflao. but this prmodure failed to restre the mechaninls) responsible ror the cardiovascular
repoe to radiation. Rasuls of thes expentmntsu and information akvaial in the litrature
supwor te hypothesis that thes respnse ame due to an atreec to the alMMonnlC patways,

thtModulat WdaVcWUl (Wftnw.

INTROIDUCTION

Exposure to sigifcant dose of ionitins radiation can lead to acute disturbances
in Wadiovsular, fMraOKrY, pgrnteginal. and neuroopc futncton. SeverAl animal
specxies, includieg man (I. A) monkey (3, 4), and rat (5), experience hypotension
and peufornce decansent within minutes after exposure to ionizing radiation. One

9 of theoboucome uenes ofrlaionwnduced hypotension could be undlerperfion
of the ctical owpn (e4, bmt and brain) that normally possess intrinsic and extnnsic
mechanisms for maintainiol tim blood flow in the Presence of moderately reduced
blood pressur. lItthe hypotension is severe andor the compensatory mechanisms
have been ccnsptoiuised then rAdition-induced hyPoteruion Can be a major con-
tribtial (hew to both pedfomsance decrment (1. 2) and the rnyocardia inigicons

* ~rerod t patkatIs &1fW therapeutic poWia.body radiation (6).
Beginnins with the arly work of Lewis (1). many i? nvctigiitocs have proposed that

hiutamni s the pritmay cause for several of the acute physiologcal responses to
ra o.Wstan is a poten vamjwif u bma that isfudinmotbd

tisakw but pnmany within tow o . mas is n a uui basoO&ls Effects on
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the vasculature include arteriolar dilation, venoconstriction, and increased capillary
permeability (8), and it is these factors that may cause radiation-induced hypotension
as well as erythema and edema.

Evidence to support this "histamine hypothesis" includes the finding that plasma
levels of histamine rise postexposure (9) at a time that coincides with the onset of
cardiovascular dysfunction (3. 4). In addition, pretreatment with the HI-receptor
antagonist chlorpheniramine partially inhibits radiation-induced performance dec.
rement in monkeys (10) and rats (11). In contrast, pretreatment with 48/80. an agent
that depletes mast cell stores (12), does not inhibit radiation-induced erythema in
rats (13). These findings indicate that at least this species undergoes vascular responses
that do not appear to involve histamine.

One of the primary mechanisms for maintaining systemic arterial blood pressure
within the normal range involves activation of the sympathetic nervous system. In
response to abrupt decreases in blood pressure or blood volume, increased sympathetic
activity leads to cardioacceleration and peripheral vasoconstriction. It is proposed
that mechanisms responsible for radiation-induced cardiovascular dysfunction may
include dysregulation of sympathetic nervous system function. One of the methods
available for assessing acute changes in sympathetic activity is measurement of plasma
epinephrine and norepinephrine. Low levels of epinephrine and norepinephrine post.
exposure might indicate inhibition or damage, while high levels might indicate ac-
tivation of sympathetic pathways. Based on results obtained from ruts during endotoxic
shock, it appears that the release of endorphins (an opiate peptide) impedes com-
pensatory mechanisms by inhibiing sympathetic output from the brain (14).

This study was undertaken to determine the effects of radiation on physiological
function in the anesthetized rut model, Experiments were also conducted to evaluate
the effect of radiation on plasma levels of histamine, epinephrine. norepinephrine,
and #-endorphin. Finally, pretreatment with antihistamines was used to determine
if pharmacologic intervention could interfere with a mechanism(s) responsible for
radiation-induced physiological dysfunction,

METHODS
Mi Swqv*-E MUt 1300-400 g) wvd a the aniMan modl (or (the eXptnmentt Numheu of

ArnmalttL ford (wh wwa oftapenmitu Apw in the text or itoptpt utabe. Euh was aaithrew
with peNtObatti 175 'mjk& iD. AMd tW trache v"4 in~td. A Witeter was insened into the ftmoralq t to mew uwW blood pamus vW atket into the (tmoral von to admimme dmp Hem m&ewas oopisd€codytm th ina betwee Wtod ptuu peek, Sody tempeaw wurnana
:U 37 * I C by * ket~ark4*oattlh bidt karap UWtvd by chava~ to reta tmoperaur, Rtspiratwry

* avity wim dm nod ud isal riny teamatr f6om a n oobagic ue oe 0cotl laLW in the

wewe o * ndiacteW in the U ft kMtOt kU the Areod Fo RadobWOoy Rech
towaft F0 t d uoaiett. the *Wemro beam *is scatere troig a wawe wSi. thee , proviag
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396 ALTER ET AL.

behind a lead and plffin shield, which reduced the effective dose at the midthorax to less than 1% of thetarget dose. Repeated partia. body or whole-body exposures were used to determine if the mechanism(s)
involved in these responses remained intact or was at least temporufly inactivated by an initial exposure.

To determine the effect of radiation on plasma levels of vasoactwe factors, arterial blood samples wereobtained from rats that were connected to a reservoir (Fit. ). A peristaltic pump withdrewv blood from a
carotid artery catheter into the reservoir and then returned blood into the femoral vein at a flow rate of4 mi/min. Before starting the pump. the experimental rat was heparinzed. and the reservoir was filled with
30 ml of blood drawn by aortic puncture from anesthetized donor rats. Once the exchange transfusionbepn. I mm were alocated for mixing blood from "he donor rats with the expenmenta rat's blood.Artenal blood samples were drawn from the reservoir input line while output 'o the animal continued.This permitted the withdrawal of five samples at the expense of reservoir residual volume while the ex.
penmental rat's blood volume was maintained relatively constant. Each blood sample was drawn overI mm at 10 mm before exposure and at 0. 10. and 30 min after the onset of exposure. Each animal thenreceived 48/80 (iv) at 32 min postexposure to evaluate the integrity of mast cell stores of histamine. A
final blood sample was drawn 5 mn after this final in*ction. The zero time sample consisted of bloodthat had left the animal at the onset of radiation. By increasing the dose rate to 1200 ad/sec for ft eries
of experiments radiation was completed within 9 sec. thus making it possible for an investigator to enter
the exposure room and obtain this zero time sample before it entered the reservoir.

One milliliter of arterial blood was immediately separated from each sample and used to determinearterial blood gses (Ot, pCOI) and pH to ensure that spontaneous respiratory activity provided adequategas exchange. The remaining blood was kept on ice until it ws centrifuged (within 20 min), then theplasma was removed and prepared for the study of selected vasoactive factors. AU plasma samples werekept frozen at -70"C until analyzed. Vasoctive faors analyzed in this study (with name of technique
in brackets) included histamine.like activity Ispectrofluorometric (151, epsneprine and norep ephrine
(radioenzymauc 416)). and .ndorpn.ik activity (radioimmunoassay (17)]. Sema hematoloic and

*Tow

.. a
. a

Fo. I, NRiitcatm uchakue fot repued blood sampling from a anstheted rm Cao a a
blo wus pumped into a ma etvoc. *kt b6od ' returnei into the rtmorl vain at te saM rawe
(4 nol/mati). PAeroot was a"W itiay w*lt aUa wood am donmor aungi WOW samps *ere
Obsated ft tM MUt *-r* km
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metabolic parameters were measured to ensure that use of the penstaltic pump and extracorporeal reservoir
did not adversely afect the blood. thereby producing an unstable preparation. Each of these parameters
was measured in arterial blood obtained from the irradiated rats (N - 7) and from another group (N - 6)
that underwent shan exposure. Metabolic uatus was a by measunng plasma levels of glucose [automated
analyzer (18)). l4ct and pyruvate (spectrophotomemc (19)], and plasma protein [spectrophotometric
(20)1. Stadad labortor'y procedures were used to measure hematocrit, hemoglobin concentration, red
blood cell (RIC) fr*1ty, RJC concentration. white blood cell (WBC) concentrauon. and a differential
WOC count.

To determine whether pharmaolopc intervention could inhibit the physiological responses to radiation.
groups of rats rectived intraverous isections o(fH,--*r pr antgoists alone. or this was pven in combination
with 10 milvk of an Hreemmor antaoni$s. cimedne. Effectiveness of receptors' blockade was evaluated
in preliminary experiments in which the dose-reponse curve for the blood pressure response to histamine
was obtained before asd after administration of these drugs, For the radiation expenments. H4nrtagonist
doses selected were thos that resulted in at least a lOO.fold increase in the histamine dose required to
cause a half-maximum hypotensive response (chlorpheniranine. 20 mWka dlphenhydramine. 10 mg/Ik;
pyrilamine, 10 mg/kll).

Results obtaned in these studies we analyzed for statistical difTerences between baseline and postradiation
values by using Student's t4w. for pored data with the Bonferroni modification (21) whenever repeated
comparisons with the baseline value were made within groupt. Comparisons between diffrent groups of
rats were made by using Student's t test for unpired data. Iata presented in th report ame man values
and the sAdd CrrMor the mesa.

RESULTS

In the initial series of experiments, pentobarbital-anesthetized rats had baseline
physiological values of 119 t 6 mm HS for mean arterial pressure, 39 _t 2 mm HS
for pulse pressure, 395 -- 14 beamin for heart rate, and 79 ± 6 breaths/rin for
respiratory rate, Groups of rats were exposed to 14.5-MeV electrons at doses ranging
from 1000 to 40.000 rd. Threshold for acute physiological dysfunction was between
1000 and 2000 rid, and irmdiation resulted in a transient decline in blood pressure.
Filure 2 shows the effect of dose on the percentage decrease in mean arterial pressure
recorded during the fisit minute ae the onset of irradiation, Magnitude for radiation.
induced hypotension reached a maximum level after 5000 rad.

Typical responses to radiation obtained in these studies are shown in Fig. 3A.
Exposure to 10.000 rid resulted in a hypotensive episode (32 -4%) that was accom-
pained by a sma but consistnt decTrase in heart rate (7 t 4%). Only the decrease
in mean arterial presure was snificantly different (P < 0.01) from baseline values.
Both mean arterial presure and heat rate returned to baseline levels within 2 min
after the onset of exposure, and at this time an increase in pulse pressure and a
decrease in respiratory rate became evident, In this group that received 10.00 rid.
puse presure roae by 21 3%., whereas respiratory rate fell by 28 ± 6% by min
afka the ose ofos . Both increases in pulse presure and respiratory dysfunction
were Spa at dom above 10,000 rid. For example, rats thWt received 40,000 rid
(N - 6) expemewed a hypownuive response (34 : 3%) that was followed by a
45 * 6% increase in pulse pirsdr ate min. whereas respiratory rate fell by 48

* : 18.t in addition, respiratory tracinlp Indicated that most animals were also dyspneic.
Edkct of dose rate on idation-induced physiological dysfunction was also inves-

tigpted by exposns rats to 10,000 rad over a rane of 180 (N - 7) to 1200 rad/ec
(N - 8). An example of responses obtained at the hithest dofe rate is shown in the
lower pAl of Fit 30. Magnitude of the hypotensve response is not significantly

k dirent from that otsesved at the lowest doe rate. However, an ioceas in pulse
a

aft

ftb- f f t .f , - f -~f. f, t *t f
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EFFECT OF RADIATION ON THE RAT 399

pressure (50 ± 10%) during the hypotensive phase was evident in animals exposed
at the highest dose rate. The degree of respiratory dysfunction was also more severe,
and included episodes of apnea and dyspnea within 30 sec after the onset o'exposure.
As can be seen in the respiratory activity tracing in Fig. 3A. a brief period of apnea
followed by dyspnea was evident within the first minute after the onset of exposure.
Although respiratory rhythm recovered, rate declined by 48 ± 18% at 5 min post.
exposure and then gradually returned to preexposure levels over the next 10 rin.

To determine the body regions most critically involved in initiating the hypotensive
response, groups of rats received partial-body radiation, and the results were compared
to animals that received whole-body radiation. A minimum of seven animals was
used in each group: results are summarized in Table 1. All groups had similar levels
of mean arterial pressure before radiation. One group of rats received an initial dose
of 10.000 rad to the head region, and this resulted in a 27 ± 5% decrease in mean
arterial pressure. Repeating this exposure after 10 rin failed to elicit significant
changes in any of the measured physiological parameters. Subsequent exposure of
the abdominal region in this same group, however, elicited a hypotensive response
(35 ± 6%) that was not significantly different from that observed for the initial head
exposure, Repetition of this abdominal exposure failed to produce any physiological
responses. A second group of rats received abdominal exposure before head exposure.
Magnitudes of radiation-induced hypotension recorded for the initial regional exposures
(abdominal - 34 t 7%: head - 33 ± 6%) in this second group were not significantly
difftrent from those described for the first group that had received head irradiations
before abdominal irradiations. Table I also shows that repeated whole-body exposures
10 or 30 min after an initial whole-body exposure failed to produce any sianificant
physiological reponses.

* TABLE I
Effiects of Repe4ated Eaposum to 10.000 red an the Acute Hvotensiv Response of Anetthetzed Rtats

i 4us$ie Pevc~~wq e in ~.,i anftlal PetnM,

Group N pEIute trwm ffl) It Puse md Pulse Jid Pulse 4k Pulse

Whole body 104m
Intervas) 7 t9 .6 -12t 3* 1 . ,. *-3=2

Whoe body W.W.mha
q Iava 7 IS : 8 -3 x -6 -2 6

Hedd ,4HOWi A4bdomen

Ht-Abdoma 10 W Z_6 -V1 :! S -2 = I -3S =6 -31 ! 2
4domb m w, A 4domen Uead Head

Abdominal-had 1 123 t 9 -34t17 -2 t4 -)31±6 -$4

SNote AU 4UeU, i SEM.
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400 ALTER ET AL.

Blood samples obtained from rats undergoing continuous exchange transfusion
(Fig. I) revealed that radiation elicited prompt changes in several parameters. which
coincided with cardiovascular and respiratory dysfunction. Before exposure, one group
of rats (N = 7) had a respiratory rate of 73 ± 4 breaths/min. which provided adequate
arterial blood gases (p% = 74.7 ± 5.4 mm Hg; pCO2 = 47.6 ± 2.1 mm Hg) and pH
(7.33 ± 0.02). Sham-irradiated rats (N = 6) had a higher baseline respiratory rate (83
± 6 breaths/min). This was associated with a similar arterial PO2 (77.8 ± 4.1 mm
HS) but a lowerpCO. (39.6 ± 4.5 mm HS) and a higher pH (7.38 ± 0.2) than recorded
in the irradiated eroup. Exposure to 10.000 rad resulted in respiratory dysfunction,
which included a trend toward a decline in rate to 52 ± 8 breaths/main during the
period of radiation-induced hypotension. However. this did not result in hypoxia
(pO2 - 77.7 ± 7.9 mm Hg) or acidosis (pCO2 = 41.0 ± 3.0 mm HS; pH - 7.36
± 0.03). There were also several incidences of respiratory arrhythmias during the first
few moments postexposure. Rate remained depressed even 10 min postradiation
(58 ± 4 breaths/min), but blood gases and pH were not significantly different from
those measured immediately postradiation, There were no significant changes in
respiratory function in the sham-irradiated group over this same interval,

Baseline plasma glucose levels in the irradiated and sham-irradiated groups were
145 _ 8 and 133 t 5 mg%. respectively. Radiation resulted in a gradual increase that
reached 241 ± 17 mg% by 30 min postradiation. This value was significantly diffierent
from the baseline value in thi: irradiated group (P < 0.01). and was also somewhat
(but not significantly) 8reater than glucose levels (174 ±t 21 m&%) obtained in the
other group at a similar time after sham exposure.

Hematologic data revealed that lymphocyte concentrations were 82,3 t 3.1% in
the irradiated group and somewhat higher in the sham-irradiated group (90.8 ;t 2.65%).
By 30 min postexposure there was a significant (P < 0.01) decline in percentge
lymphocytes, which reached 73.1 ± 1.5% in the irradiated group, In contrast. this
parameter did not change in the sham-irradiated group. None of the other metabolic
or hematologic parameters that were meawred showed any sigificant change over
the course of these experiment

In the irrdiated group attached to the reservoir, baseline mean arterial pressure
was 114 : 7 mm HS and heart rate was 385 - 14 beaWmin, Exposure to 10,000
rad resulted in a significant (P < 0.01) hypotensive responv '36 t 3%) and a small
decrease in heart rte (3 _t I%). Blood pressure results and pIssnra levels of the fourvasoative ra or measuied in thee experiments are summarized in Table II. Arterial
blood obtaied durn the fim minute after the onset of irradiation revealed that
norepinehrine, 04ndorphit, and histamine did not change significantly, whereas
epfephrlne tee fivefold, Also there was a highly significant (P 4 0.001) nepgtive
correlaion (r -0.793) between the change in the logarithm of epinephrine and
UMn artsia PMWur. Over the posexposur period. mean anertal presuue. hhisnine,
AM Xtgpdo n Ma1ined near baseline values, whereas epinephnne remained el-

*i evated and norepinephnne rose to peak values at 10 rin but then subsided somewhat
by 30 min, Within the sham.isradhtted group, mean arterial presure decr.ased some-
whIt over the experimental period, and there was a gradual increase in plasma epi-
nephrine. while values of the other vauwfive factors remained near baseline values.

Anmals in both grup mceived 1.0 maWk of 48180 to evaluathe iesimrity of

i'*

,4 4
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TABLE 11

Effect of 10.000 rad on Mean Arterial Pressure and Plasma Levels of Vasoactive Factors

rime "'yIn

Gfoup -t0 o I -0 1*O io

M.D 180

Meanarterial picuum R 114:= 7 !2 t 311 09 = 6 113 t 4 78± 4'A

(mm HIll s-R 119 1 6 1.4 t 105 = 4 10o = tl 1 ?x lob

Hisamine R 34,- 6 29± 4 .3 !: 2 ' 8 489± 914

in lmI) SR I1 = 4 23 . 4 192 ) 21 t 4 1372 1, 2886

Epiniegnne R 112 z 52 $30 t 106" '91 z W9 685 i 146' 3.18 r 432b

(in.fti) S-t 443= 42 116±t 5.2 199± t82' 340 t11611 1.05 t 17S11

Noemne Jinat R =3- .3 141 - 17 332 : 89" 90 = 63 476 ± 70

Ipa/mi) S-R 108-= 2. 116± .4 104.= IS 139.t 33 383-± 49.

O.Endormhin ft 2462 &- 273 2691 ± 701 2597 t 362 2040 ± 339 4000 t 6306
IDVmIS 2513 t 294 2613 t -82 . 26' : 419 3146 L. '32 3633 !: l354l

'vv* All yalon ami t:± SEM. R - Irradtte smug~ IS 'I. S.R " Sihanianw Voopt IV')

Dm'O wtrt ytaun1 S mm aftr admlnluratlon of I 0 lqks of 48/30
'Smrn6nUy ilUfnj fnm fmimet imdl uuon oe 41110) v"lnas h < 001).
'S• aipmaiy diar frm IM poV value ip C <101).

mast cell stores of histamine. For the irradiated group. there was a 33-fold increase
in histamine. which resulted in a marked decrease in mean arterial pressure
(26 z M,). while pulse pressure increased (22 t: 5%) and respiratory rate decreased
0 4 ± 7%) by 5 min after 48/80. Associated with these changes were a fivefold increase
in epinephrine and approximately twofold increases in norepinephrine 3nd 0.en.
dorphin. Administration of 48/80 to the sham-inradiated group increased pLma
histamine to a level that was not significantly different from that measured in the
irradiated poup. In addition. cardiovasculv and respiratory responses were not sig.
nificantly different from those obtained in the irradiated group. There were also
comparable change in plasma epinephrine. norepinephrine. and i3-endorphin.

Based on these results. it appea .that postexposure physiological dysfunction is
" not a consequence of rsdiation.induced release of histamine. It is possible, however,

that irradiation did reult in an increase in histamine that was loclly efetive on
* the vasculature., but that it was then metabolited too rapidly fbr this technique to

detect changes in arerial pit%= lcIs. A second potbility is that the asay was not
sensitive enou to detect polma %vc of hisumine th cause ra~dauon-inducWd
p"ysiolo i dyunction.

To evaluate the firm powbility, a second series of reervoir ex entents were
conducted in which eterimenta) rats (N 8) were pretreated with aminotuantdine
to inhibit histaminase (22), in addition, these rats were artificially respired at a rate
of 92 ± 2 bmaths/min and at a tidal volume of 3.0 ml. which incread arterial ,
(87.2 5 5.4 MM HI). But this was not Si gifiCantly $9ater than that measured in the
spontaneously respiring group (74.7 ±: 5.4 mm Ht). Baseline values for mean arterial
praau.(107±-5 mm Hgha}, n (2&7±- 3, n./tni). andeptncp.iel OO±210 -

L : .. ~~~~~~~~~~~~. .. .... ..... . ... .... ..... .. o ... ...',.':- .,. . :.:...... .
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ps/ml) were not significantly different from the values shown in Table 11. wh :reas
norepinephrine (189 t 25 pglmI) was significantly higher (P < 0.05) in the artifically
respired group. Plasma levels of O-endorphin and the other hematologic and metabolic
parameters were not measured in these experiments. Exposure to 10.000 rad elicited
a hypotensive response that was similar in magnitude (40 ± 5%) to those responses
observed in earlier experiments. Once again, plasma epinephrine increased fivefold,
whereas neither histamine nor norepinephrine changed during this response. These
results indicate that pretreatment with aminoguanidine did not reveal any increase
in plasma levels of histamine during radiation-induced physiological dysfunction.

Yet to be answered was the question of whether the technique was sensitive enough
to detect increased plasma histamine that can cause these hypotensive episodes. To
evaluate this issue, a final scies of reservoir experiments was performed on rats
(N - 3) that received aminoguanidine and were artificially respired. These rats received
an intravenous infusion of histamine at a manually adjusted rate to produce a hy-
potensive response (Fig. 4) similar to that recorded from irradiated rats (see Fig. 3A).
Arterial blood samples obtained during the hypotensive response revealed a fivefold
increase in the plasma histamine. In addition, a small increase in heart rate was
recorded during histamine-induced hypotension.

Experiments described up to this point do not support the hypothesis that histamine
is responsible for radiation-induced physiological dysfunction in the rat. This appears
to contradict available data from other species indicating that radiation induces an
increase in plasma levels of histamine and that pretreatment with antihistamines
inhibits many of the acute physiological responses to radiation (9-I). To evaluate
the effectiveness of antihistamines in rats, groups were pretreated with combinations
of histamine receptor antagonists before exposure (Table Ill) to 10,000 rad. Untreated
rats (Group 1) experienced a 30 t 6% decline in mean arterl pressure after irradiation.
This was accompanied by a small decrease in heart rate (9 ± 5%), whereas respiratory
rate declined (14 : 4%) and pulse pressure rose (25 :t 3%) by 5 min postexposure.

'C ,,.. . _

-low

Fo. 4. Typkal curdlovawculu response to an intravenous histmine infusion, Plasma histamine levels
went masured In &wi blood obulned from an aanUzed rat (prmat with aminaog iln) that
was conncwd to a Wlood rebeeoir.
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TABLE III

Efect of Histamine Receptor Antagonists on the Mean Arenal Blood Pressure
(mm HS) Response to 10.000 rad

A ngtolensmn
Gjoup N Baseline Posidrug and respiratoO 10.000 tad

1. Untreated 7 118 :t9 &1±18
I. Chlorphenimmine + cimetidine 7 127 - I 1 110 ± to0 94 ± 7
Ill. Diphenhydramine + cimeudine 7 130 -z 7 98 ± 8' 96 t 6
IV. Diphenhydramine + cimetidine 7 134 ± 2 90 - 61 136 ± 6 141 t 7
V. Diphenhydramine 12 115± 4 95± 5b 118 ±5 112± 5

VI. Cimetidine 6 115 t 8 112 ± 9 69 ±5 5b
Vil. Pynlamme + cimetidine 6 132 ± 9 94 t 9' 134 t 6 136 ± 5

VIII. Anotensm4 + respirator 8 112 ± 4 146 ± 6 113 ± 4b

Noe. Chlorpheniramine, 20 mg/kl; diphenhydramine, 10 mikil; pynilamine, 10 mikIg; cimetidine, 10
mu/k, All data are i t SEM.

'Anaotensn infuWon (0.06 0.02 ug/min) and respirator were used to restore an6 maintain cardiovaxular
- "and respiratory function after antihistamines were administered.

.Significant decrae P < 0.01) from the previous mean arteria pressure value within oup,

This pattem of radiation-induced physiological dysfunction was similar to that de-
scribed in the earlier experiments. Pretreatment with chlopheniramine and cimetidine
(Group 11) reduced by one-half the magnitudes of the hypotensive response
(14 :t 3%) and the increase in pulse pressure (II : 3%) while the respiratory rate
still decreased (I I _ 3%) an amount comparable to that recorded in the untreted
poup (1). Pretrtment with diphenhydramine and cimetidine (Group IlI) completely
abolished the hypotensive response, in fact, mean arterial pressure rose gradually (12
t 8%) over the O.-min postexposure observation period. This group also failed to
show any decrease in respiratory rate, but the increase in pulse pressure (28 ± S%)

*at 5 min postexposure was comparable to that recorded in the untreated group (1).
Neither of these antihistamine-treated groups (!1 or Ill) experienced any significant
decrease in heart rate during the immediate postradiation period,

One possible explanation for the increased effectiveness of diphenhydramine over
chiorpheniramine (both were used in combination with cimetidine) is that the former
had a steater effect on baseline cardiovascular function, The depressions in mean
arterml pressure (22 t 5%) and heart rate (20 3%) induced by diphenhydramine
were lmost trice m preat as those induced y chlorphenimmine (13 -t 3% and
"3 ± 4%, rews@evely). Both combinations of drup produced similar depressions in
respiratoy rate (approximately 10%). To determine if thes reductions in function

Sweft reqosble for inhibition of Wistion-induced physiological dysfunction. di.
plzahydramine vad cinietidine were administered to another group of rats (IV), but
ventilstion was nuaintained by a respirator and blood pressure was maintained by an

,* inflsion Ofaniotensin (06 t 0,02 odmin). Despite these effols heart rate remained
18 t 2% below the level present before any antihistamines were administered, and,
mos impo tnty, rWiation W11 tiied to elicit any hypotensive response.

., Tode"etmine which othe sis ltmine recepw antagonist was primarily rsPon l

. ... .. , . A ,
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for blockade of radiation-induced hypotension. rats were pretreated with either di-

• phenhydramine or cimetidine. Once again, pretreatment -with diphenhydramine
(Group V) induced a significant decline in mean arterial pressure and heart rate;
therefore, these animals received angiotensin and were artificially respired. Radiation
did not elicit any physiological dysfunction in this group. In contrast, pretreatment
with cimetidine alone (Group VI) did not affect baseline cardiovascular function.
and radiation elicited a hypotensive response (38 ± 3%) somewhat greater than that
observed in the untreated group. To determine if the inhibition of radiation-induced
physiological dysfunction was unique to diphenhydramine, another H, antagonist,
pyrilamine. was administered in combination with cimetidine (VII). This reduced
the preexposure values for mean arterial pressure and heart rate; therefore, these rats
also received angiotension and were artificially respired. Exposure of Group VII failed
to elicit any hypotensive response. To insure that angiotensin was not responsible
for these results, rats in Group VIII were artificially respired and received angiotensin.
Irradiation of this group elicited a 22 ± 2% decline in mean arterial pressure while
heart rate decreased 5 ± 1%. As in the previous irradiation groups, both parameters
recovered to baseline levels within 2 rain.

DISCUSSION

These experiments indicate that irradiation of the pentobarbital-anesthetized rat
results in prompt disruption in physiological function. Cardiovascular responses include
a marked drop in mean arterial pressure and a small but consistent decrease in heart
rate. Both parameters usually return to baseline values within 2 min postexposure.
In addition, pulse pressure usually increased and remained elevated up to at least 10
min postexposur*. Under conditions of this study, the threshold for the cardiovascular
responses was between 1000 and 2000 rad. with maximum responses recorded at
doses of 5000 rad or more. Respiratory function undergoes a consistent pattern of
decreased rate, whereas episodes of apnea and dyspnea occur irregularly; however,
the respiratory dysrhythmias appear to have an increased incidence at doses above
10,000 rid.

Characteristics of the cardiovascular responses to radiation in the rat are different
from those reported for other species. Both man (1. 2) and monkey (3. 4) undergo
a severe and prolonged hypotensive episode after exposure to doses above 1000 rid.
Onset of this response is delayed somewhat, and minimum blood pressures are far

* lower in the monkey (4) than in the rat. In the present study, mean arterial pressure
decrea by 23 to 40% In response to radiation, but it never fell to the extent that
was reported in monkeys (3, 4). Eadier studies on the cardiovascular responses to
radiatlon in the rat (23) did not report any acute hypotensive phase- however, radiation
doses and dose rates were lower than those used in the present study. More recently,
Mickley (24) reported that conscious rats experience a decline in tal artery pressure

* that coincides with performance decrement during the first 30 min after receiving
.0,000 rid of 14.5-MeV electrons. It is not clear how changes in tail artery pressure
after radiation relate to aortic pressur, because it has been shown (25) that the former
decreases markedly In the Irradiated rat at a time when aortic pressure is unchanged.
Results of the present study also show tda a the brief hypoteansve phae blood

. 6
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pressure measured in the femoral artery is not depressed during the first 30 min
postexposure. It is possible that these changes in tail artery pressure after radiation
may be related to disturbances in thermoregulatory function in the rat, since the tail
serves as an integral part of this process. This explanation is supported by the findings
of acute disturbances in temperature regulation in the irradiated rabbit (26).

Most of the evidence accumulated in the literature indicates that histamine plays
an important role in the acute physiological responses to radiation. Plasma histamine
levels increased markedly within minutes after monkeys received 4000 rad of
-y radiation (9), and pretreatment with chlorpheniramine partially inhibited both
radiation-induced hypotension and performance decrement in this same species (10).
Results of the present study indicate that radiation does not produce any detectable
increase in plasma histamine for at least 30 min. Furthermore, the inability of radiation
to cause a hypotensive response when either partial-body or whole-body exposures
were repeated suggests that the active factor(s) present in the head and abdominal
regions was depleted by the initial exposures. It is apparent, however, that tissue stores
of histamine were not depleted by radiation, because administration of 48/80 within
30 min after radiation produced a marked increase in plasma histamine and a decrease
in mean arterial pressure. These changes were comparable to those recorded from
sham-irradiated rats.

Differences in responses between the rat and the monkey after high doses of radiation
are somewhat surprising because both species undergo severe and prolonged hypo.
tensive responses after administration of endotoxin [rat (27); monkey (28)]. In the
monkey, cardiovascular responses to both radiation and endotoxin may be mediated
by similar mechanisms, because it was found that pretreatment with sublethal radiation
protected against the acute responses to endotoxin (29). The transient nature of the

.2 hypotensive episode after radiation in the rat versus the prolonged response to en-
dotoxin (27) suggests that the causal mechanisms for thes responses may be different
in this species.

Other possible candidates for a role in the acute physiological responses to radiation
include opiate peptides (27), bradykinin (28), and prostaglandins (30). All have been
implicated.in the physiological changes associated with endotoxic and anaphylactic
forms of shock, In the present study, plasma levels of one opiate peptide, i-endorphin,
were found to be markedly increased over levels reported in conscious rats (16), and
radiation failed to alter these levels, whereas 48/80 doubled the concentration of
"iendorphin. Thome resWts do not support the hypothesis that O-endorphin plays an

* important role. in these responses to radiation, but it must also be stated that this
evidence does not eliminate the possibility that other opiate peptides are involved.

Both badykinin (31) and prostaiJandins (32) satisfy many of the criteria required
*,; for facto that may be responsible roi the physiological responses to radiaion in the

rat Both are widely distributed thWoughout the body, are potent vasodilatofs and
are rapidly metabolized, Future studis will be directed toward determining the posble
role of these Pctors in radiation-induced physiological dysfunction.

Another pouible explanation tr these 'fsponses involves a mdiation-induced
depression of sympathetic nerve influence to the cardiovascular system. Evidence is
available that the baroreceptor refex is impaired during the period of radiation-
induced hypoenson in monkeys (4), Radiation expoure of the rat may lead to a

a4, A
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transient disruption in autonomic activity, resulting in the hypotensive episode. If
these pathways were not affected by radiation, this magnitude of hypotension should
have l:d to a reflex increase in heart rate (as was recorded during histamine infusion,
see Fig. 4) instead of the decrease that was consistently observed in these experiments.

Inhibition of radiation-induced cardiovascular dysfunction by H,-receptor antag-
onmts may be related to their effect3 on these same autonomic pathways. Antihistamines
are well known for their ability to depress heart rate and blood pressure (33). This
appears to be due to an anticholinergic affect (34) at the level of the autonomic
ganglia. In the present study, angiotensin was used to restore the vascular tone (Tabie
111) that was depressed by diphenhydnmine and pyrilamine. Despite this effort. ra.
diation failed to elicit physiological dysfunction, which indicated that restoration of
blood pressure was not the key factor needed to reestablish radiation-induced car.
diovascular dysfunction. This finding is not unexpected when it is considered that
angiotensin acts on the peripheral vasculature and would not have directly affected
antihistamine-induced depression in sympathetic activity. This contention is supported
by the finding that an.iotensin restored blood pressure but did not affect heart rate,
which remained depressed in the antihistamine-treated rats. In rats that did not receive
antihistamines. angiotensin (Table Ill. Group VIII) raised preexposure blood pressure
but did not eliminate radiation-induced hypotension. Magnitude of this response was
reduced somewhat (22 ± 5%), compared to that recorded in untreated rats (Group
I - 30 :t 5%). This may have been due to the reduction in sympathetic tone in these
animals because the higher blood pressure would reduce baroreceptor stimulation.
Further studies are required to confiam this hypothesis of radiation-induced decrease
in sympathetic tone, This effect must be relatively brief because cardiovascular function
recovered within 2 to 3 min postexposure.

The highly significant correlation between mean arterial pressure and change in
the log of epinephrine is consistent with the hypothesis that radiation led to a selective
increase in adrenal output. A generalized increase in sympathetic activity should have
also led to a parallel increae in plasma norepinephrine; however, this was not observed
until 10 min poexposure (Table il). If this were a reflex-related increase in epinephrine.
then levels should have fallen by 10 min postexposure by which time mean arterial
pressure had recovered: however, this did not occur, and plama epinephrine remained
elevated for at least 30 min (Table i). This relationship between blood pressure and
plasma epineph ne is recorded in rats after hemorrhage (35). Plasma epinephrine

*fell as blood Pressure recovered. Results of the present study are more consistent with
the hypothesis that radiation initiated a mechanism(s) that directly or indirectly in-
ca the adrenal output of epinephrine, An alternative explanation for the increase

*. in plama epielphrine might be that there is an impairment in the enzymatic pathway
0 reloenible for catecholamine breakdown. Although the present study does not directly

address this poibility, the fivefold increase in epinephrine during the first minute
* after the onset of R strongly Suests that this response is due to an increased release,

because this sample is drawn from the arterial side and most of this blood has not
. yet passed though the liver (the primary site of breakdown for circulating catechol.

amines).
Should the cause for the cardiovascular responses to radiation involve changes in

autoom neural activity, the quesion mains concerning how exposure initiat0J

J .:
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these events. Since exposure of either the head or abdominal regions results in car-
diovascular responses comparable to those recorded after whole-body exposure (Table
1), it is apparent that these responses are initiated by the release of factors from the
irradiated tissues and that sufficient amounts are released even with partial-body
radiation to cause a maximal change in the involved pathways. Stores of the factor(s)
appear to be completely depleted by one exposure, and based on results obtained
from repeated whole-body exposures, these stores are not reconstituted for at least
30 min. Once again, it is doubtful that mast cell stores of histamine are involved,
because 48/80 can still initiate both hypotension and an increase in plasma histamine

-' at a time when radiation fails to cause cardiovascular dysfunction.
With regard to the changes in respiratory function of irradiated rats, it is readily

apparent that radiation causes a consistent decrease in rate for up to 10 min post-
.,", exposure. Episodes of dyspnea and apnea during radiation-induced hypotension were

, recorded on several occasions and were most consistent at the highest doses (40,000
rad) and dose rates (1200 rad/sec). Despite the significant decrease in rate, hypoxia
and acidosis did not develop after rats received 10,000 rad. Although this was not
evaluated quantitatively, there did appear to be an increase in the depth of respiration
(Fig. 3B). The later change was sufficient to maintain adequate gas exchange. Pre.
treatment with diphenhydramine abolished the decrease in respiratory rate, and these
animals did not experience any dyspneic or apneic episodes; however, these experiments
were not conducted under conditions where maximal respiratory dysfunction might
have been expected (dose rate for these experiments was 180 rad/sec), Therefore,
further studies are needed to clarify the protective effe=t of these agents for maintenance
of postexposure respiratory rate.
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